0-YSZ f a b r i c a t e d by t h i s p ro c e s s to th e anode m a te r ia l h as succeeded i n im proving o v e rv o lta g e c h a r a c t e r i s t i c s of th e an o d e. The e le c tr o c h e m ic a l o v e r v o lta g e 7? o f th e (Ni,Mg)0-YSZ anode was 20mV a t a c u r r e n t d e n s i t y o f 300 mA/cm2 , much s m a l l e r t h a n t h a t o f t h e Ni-YSZ a n o d e . The (N i,M g)0-Y SZ anode was c h a r a c t e r i z e d by f i n e l y porous Ni p a r t i c l e s and v ery d i f f e r e n t from th e Ni-YSZ anode i n m i c r o s t r u c t u r e . T h is s t r u c t u r e con t r i b u t e s to im proving th e o v e rv o lta g e c h a r a c t e r i s t i c s .
INTRODUCTION
The anodes f o r s o l i d o x id e f u e l c e l l s (SOFCs) have been s tu d ie d by many r e s e a r c h e r s f o r th e p u rp o se of im proving th e o v e rv o lta g e c h a r a c t e r i s i t c s and lo n g -te rm r e l i a b i l i t y . These p r o p e r t i e s a r e s t r o n g l y d e p e n d e n t on a n o d e m a t e r i a l and m orphology. N ic k e l i s commonly used f o r th e anode m a t e r i a l . F o r e x a m p le , t h e 25 kW SOFCs d e v e lo p e d by W e s tin g h o u s e E l e c t r i c C o r p o r a tio n , now b e in g t e s t e d i n J a p a n , u se Ni f o r a n o d e s . H ow ever, N i h a s lo w er m e ltin g p o i n t com pared w ith o t h e r c e ra m ic co m p o n en ts o f t h e c e l l , and s i n t e r i n g o f Ni p a r t i c l e s in th e anode i s c u r r e n tly one of th e m ajor problem s.
Ippommatsu e t a l . u se d Ru, w hich h a s h ig h e r m e ltin g p o i n t , f o r th e anode m a t e r i a l . They succeeded in o b ta in in g a maximum power d e n s ity o f 1.55W/cm2 a t 3.0A/cm2 u sin g a tu b u la r c e l l , b u t th e s t a b i l i t y h a s n o t been in v e s tig a te d y e t [ 1 ] . A d d itio n of y t t r i a s t a b i l i z e d z ir c o n ia (YSZ) to anode (Ni-YSZ c e rm e t) i s e f f e c t i v e f o r t h e im p r o v e m e n t o f t h e o v e r v o l t a g e c h a r a c t e r i s t i c s . T h is c e r m e t i s u s u a l l y p r e p a r e d by an e le c tro c h e m ic a l v ap o r d e p o s itio n p ro c e ss (p a te n te d [ 2 ] ) o r by a powder m ixing p ro c e s s fo llo w ed by f i r i n g . Dees e t a l . have d e te rm in e d th e c o n d u c tiv ity of th e p o ro u s Ni-YSZ c e rm e ts a t 1000°C a s a f u n c tio n o f N ic k e l c o n te n t, and h av e c o n c lu d e d t h a t th e y a r e e l e c t r o n i c a l l y c o n d u c tin g a t N ic k e l c o n te n ts h ig h e r th a n 30 v /o o f t o t a l s o l i d s [ 3 ] . Murakami e t a l . have e x a m in e d t h e i n f l u e n c e o f YSZ c o n t e n t on t h e c e l l p e r f o r m a n c e s an d h a v e s u g g e s te d t h a t t h e s u i t a b l e YSZ c o n te n t i s 50-60 wt% [ 4 ] . T h is i s in good agreem ent w ith th e r e s u l t s of Dees e t a l . M eanw hile, th e dc and ac p o l a r i z a t i o n b e h a v io rs o f Ni-YSZ anodes were in v e s tig a te d by Kawada e t a l , and found to be a f f e c te d by p r e p a r a tio n c o n d itio n s such a s Ni c o n te n t, p r e -c a l c i n a t i o n te m p e ra tu re and f i r i n g te m p e r a tu r e [ 5 ] . H o w e v e r , l i t t l e i s k n o w n a b o u t t h e e f f e c t o f d i s p e r s i b i l i t y o f YSZ i n th e a n o d e , and t h e r e i s l i t t l e in fo rm a tio n on m ic r o s tr u c tu r e o b s e rv a tio n s . F i g . l shows a s c h e m a tic d ia g ra m of th e a p p a r a t u s . The s t a r t i n g m a t e r i a l s w ere n ic k e l a c e t a t e and 8YSZ s o l( N is s a n chem ical I n d u s t r i e s , L t d . ) . YSZ s o l was added and mixed w ith n i c k e l a c e t a t e s o l u t i o n . The m ix tu r e was d r ip p e d i n t o th e q u a rtz g la s s tu b e h e a te d a t 750°C and p y ro ly z e d . The p ro d u c ts w e re c a l c i n e d a t 800 °C f o r 24 h o u r s t o o b t a i n NiO-YSZ p o w d er. I n t h i s p r o c e s s , i t i s e x p e c te d t h a t NiO and YSZ p a r t i c l e s a r e f i n e l y d is p e r s e d in th e pow der, b e c a u se Ni io n and YSZ s o l a re homogeneously mixed in th e s t a r t i n g s o lu tio n . NiO-YSZ pow der p r e p a r e d by a pow der m ix in g p r o c e s s u s in g alum ina m o rta r and p e s t l e was a ls o f a b r ic a te d f o r com parison. E ach pow der was p r e p a r e d i n p a s t e form w ith p o l y e t h y l e n e g ly c o l and a p p lie d to th e s u r f a c e of YSZ e l e c t r o l y t e p e l l e t by s c r e e n p r i n t i n g , fo llo w e d by f i r i n g a t 1400°C f o r 2 h o u rs to o b ta in th e anode. The a c tiv e a re a o f th e anode was 0.283 cm2. A cath o d e was a p p lie d s im ila r ly u sin g La(Sr)Mn03-YSZ powder on th e o p p o s ite s id e o f th e p e l l e t , and a P t r e f e r e n c e e le c tr o d e was p u t on th e s id e f a c e . M easurements were c a r r ie d o u t u sin g t h i s t e s t c e l l . H e a tin g th e t e s t c e l l to 1000°C , H2 + 3ZH2 0 was su p p lie d f o r th e f u e l and a i r f o r th e o x id a n t. Then NiO in t h e a n o d e was r e d u c e d t o N i m e t a l . O v e r v o lta g e c h a r a c t e r i s t i c s o f t h e a n o d e s w e r e m e a s u r e d by a c u r r e n t i n t e r r u p t i o n m ethod. SEM and EDX were used f o r m ic r o s tr u c tu r e o b s e rv a tio n and d i s p e r s i b i l i t y e v a lu a tio n , r e s p e c tiv e ly .
.(Ni,Mg)0 s o lid s o lu tio n f o r th e anode.
(Ni,Mg)0-YSZ powder was p re p a re d by th e p ro c e s s s i m i l a r to t h a t d e s c r ib e d ab o v e. The s t a r t i n g m a t e r i a l s w ere n ic k e l a c e t a t e , magnesium a c e t a t e and 8YSZ s o l . O v e rv o lta g e c h a ra c t e r i s t i c s and m ic r o s tr u c tu r e o f th e (Ni,Mg)0-YSZ anode w ere e v a lu a te d s i m i l a r l y u sin g th e t e s t c e l l . E le c tro d e i n t e r f a c e c o n d u c t i v i t i e s w ere m easu red by a com plex im pedance m ethod o v e r a w ide fre q u e n c y r a n g e ( 0 . lH z-65kH z) i n th e te m p e r a tu r e range of 750 to 1000 C .
RESULTS AND DISCUSSION

.1 O v erv o ltag e c h a r a c t e r i s t i c s o f Ni-YSZ anode.
T a f e l p l o t s o f th e e le c tr o c h e m ic a l o v e r v o lta g e 7? f o r th r e e k in d s o f anodes a r e shown i n F i g . 2 . The u se o f th e new p ro c e ss im proves th e o v e rv o lta g e c h a r a c t e r i s t i c s of th e Ni-YSZ anode.
?? o f th e Ni-YSZ anode was 40mV a t a c u r r e n t d e n s ity o f 300mA/cm2 , s m a lle r th a n t h a t p re p a re d by th e powder m ixing p r o c e s s . T h is low er v a lu e o f 7? i s p o s s ib ly e x p la in e d by th e improvement in th e d i s p e r s i b i l i t y of YSZ in th e anode. The o v e rv o lta g e c h a r a c t e r i s t i c s o f Ni0. sMgo. 2O-YSZ anode a r e a ls o shown in th e same f ig u r e , and we w ill d is c u s s l a t e r . S e v e r a l d i f f e r e n t r a t i o s o f YSZ t o Ni w e re u s e d to p re p a re th e anodes ra n g in g in mol p e rc e n t YSZ o f t o t a l s o l i d s betw een 0 and 40 %, and th e f i r i n g te m p e ra tu re was v a r ie d in th e ra n g e o f 1000 to 1500°C . The 
0 i s a b o u t 30 tim e s h ig h e r th a n t h a t o f NiO a f t e r 1 h o u r r e d u c t i o n . A p p lic a tio n o f t h i s s o l i d s o l u t i o n c a n be e x p e c te d to im prove th e o v e rv o lta g e c h a r a c t e r i s t i c s , b ecau se th e h ig h s p e c i f i c s u r f a c e a r e a f a v o r s a lo n g e r t h r e e p h a se
boundary, which c o n tr ib u te s to th e anode r e a c tio n .
Nio.sMgo. 2 O-YSZ powder was p rep ared by th e d r ip -p y r o ly s is p r o c e s s w ith YSZ s o l . X -ra y d i f f r a c t i o n p a t t e r n s i n F i g . 6 show t h a t a N i p a t t e r n a l s o a p p e a r s i n t h e p o w d e r a s p y ro ly z e d , but i t d isa p p e a rs a s a r e s u l t of o x id a tio n of Ni by c a l c i n a t i o n a t 1000°C , and t h e c r y s t a l l i n i t y o f YSZ and (N i,M g )0 i n c r e a s e s a s a r e s u l t o f c r y s t a l g r o w th . The c o m p o s itio n o f (N i,M g)O was c o n f ir m e d by m e a s u r in g t h e l a t t i c e c o n s ta n t. I t was th e same co m p o sitio n , Nio.sMgo. 2O, a s th e s t a r t i n g m a t e r i a l s . A f te r r e d u c t i o n a t 1000°C , th e Ni p a t t e r n a p p e a rs a g a in a s a r e s u l t o f r e d u c tio n o f Ni0. sMg0. 7? d e c re a s e s w ith YSZ a d d i t i o n , and r e v e a ls a minimum in th e ra n g e o f 20 to 25 mol%. The d e c r e a s e i s c o n s id e re d to be due to th e e f f e c t of i n c r e a s i n g th e le n g th of th e th r e e p h ase b o u n d a ry . However, w ith m ore th a n 25mol%, 7? r i s e s s t e e p l y a g a i n . T h is s t e e p r i s e i s e x p la in e d by a s te e p r i s e o f IR a s shown in th e same f i g u r e . With th e ex c e ss YSZ a d d itio n , th e r e i s l i t t l e N i-to -N i c o n t a c t d u e t o a v o lu m e e f f e c t ; t h e r e f o r e , t h e a n o d e r e s i s t i v i t y IR i s v e ry h ig h . The h ig h r e s i s t i v i t y r e s u l t s in d e c r e a s in g th e le n g th of th e e f f e c t i v e t h r e e p h a se boundary and in c r e a s in g 7? .
T a f e l p l o t o f 7J f o r Nio. s Mg0. 2 0-YSZ(20mol%) h a s been shown i n F i g . 2 . A p p lic a tio n o f Nio.sMgo. 2O s o l i d s o lu tio n to th e a n o d e im p ro v e s th e o v e r v o l t a g e c h a r a c t e r i s t i c s s t i l l f u r t h e r .
7? o f Nio. 8Mgo. 2 O-YSZ anode was 20mV a t a c u r r e n t d e n s ity o f 300mA/cm2 , much s m a lle r th a n t h a t of Ni-YSZ anode. F i g . 8 shows th e m ic ro s tru c tu re o f th e reduced Nio. sMgo.2 0 -YSZ a n o d e . I t i s c h a r a c t e r i z e d by f i n e l y p o r o u s n i c k e l p a r t i c l e s a n d v e r y d i f f e r e n t f r o m N i-Y S Z a
The r a t i o o f t h i s v a lu e t o t h e t h e
In th e NiO-YSZ a n o d e , Ni p r e c i p i t a t e s a g g r e g a te i n t o la r g e r p a r t i c l e s s p h e r i c a l i n sh a p e . T h is i s why th e y a r e v e ry d i f f e r e n t i n m i c r o s t r u c t u r e . T h is u n iq u e m i c r o s t r u c t u r e o f Nio. 8Mgo.2 O-YSZ a n o d e h a s r e s u l t e d i n im proving th e o v e rv o lta g e c h a r a c t e r i s t i c s . (J e = ( S • R e ) 1 [1] F i g . 9 shows A rrh en iu s p lo ts o f (J e . The v a lu e f o r Nio. 8 Mgo. 2 O-YSZ anode was an o r d e r o f m ag n itu d e h ig h e r th a n t h a t f o r Ni-YSZ anode a t 1000°C . T his h ig h e r v a lu e su g g e sts t h a t Ni 0. 8Mgo. 2O-YSZ anode has a lo n g er th r e e phase boundary. T h is i s b e c a u s e N i0 . 8 Mgo. 2 O-YSZ a n o d e h a s t h e f i n e l y p o r o u s s t r u c t u r e . However, th e a c t i v a t i o n en erg y was tw ic e a s h ig h a s t h a t f o r Ni-YSZ an o d e, and (J e i s c lo s e to t h a t f o r N i-YSZ anode a t a low er te m p e ra tu re . T h is im p lie s t h a t th e y a r e d i f f e r e n t in th e anode r e a c tio n mechanisms. the anodes a f t e r red u ctio n .
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